Although studies have identified several genes that are involved in tooth root formation, little is known about the genetics of root fusion. The purpose of the present study was to identify the chromosomal region that includes the candidate gene causing root fusion, using SMXA recombinant inbred (RI) strains of mice. Fusion of the mesial and palatal roots of the upper second molars (M 2 ) was observed in 16 of 21 substrains of SMXA RI mice. The incidence of root fusion of the M 2 in substrains and parental strains showed a continuous spectrum of distribution between 0 and 85%. In a genome-wide linkage analysis, a high Lod score exceeding the suggestive threshold level was found between D5Mit97 and D5Mit31 on chromosome 5. These findings suggest that a polygenic system with incomplete penetrance is involved in the fusion of roots, and that one of the genes causing root fusion of the M 2 in mice is located in a distal region on chromosome 5. mice, there have been reports of fusion of roots in inbred and mutant mice. In tabby mice, reports indicate a high frequency of fusion of the roots of the first and second molars, which involves reduction of root size 7) . Mice with epilepsy-like disorder (EL) have a 60% incidence of fusion of roots of the upper first molar 8)
mice, there have been reports of fusion of roots in inbred and mutant mice. In tabby mice, reports indicate a high frequency of fusion of the roots of the first and second molars, which involves reduction of root size 7) . Mice with epilepsy-like disorder (EL) have a 60% incidence of fusion of roots of the upper first molar 8) , with an autosomal recessive pattern of inheritance. Asada 9) reported that the C57L/J mouse strain is one of the most useful models for studying the cause of fusion of roots; their incidence of gutter-shaped root of the lower second molars is about 90 to 100%. A gene causing fusion of roots in C57L/J mice has been mapped to the distal region of chromosome 5 10) . The SMXA recombinant inbred (RI) mouse strain set has been proven to be a powerful tool for analyzing multifactorial genetic traits 11, 12) . SMXA RI mouse strains were produced by systematic inbreeding from the F 2 generation of a cross between A/J and SM/J inbred strains
Introduction
In humans, the frequency of fusion of molar roots varies among ethnic groups. In modern Europeans, fusion of roots occurs in 0.2% of maxillary first molars, 14.6% of maxillary second molars, 36.8% of maxillary third molars, 0.3% of mandibular first molars, 21.7% of mandibular second molars, and 19.2% of mandibular third molars 1) . It is generally thought that the morphology of tooth roots is primarily determined by genetic rather than environmental factors 1) , but the genetics of specific fusion of roots are poorly understood. X-chromosomal aneuploidy has been found to be associated with taurodontism 2) , short root and root separation 3, 4) . Dentin dysplasia 5) and dentinogenesis imperfecta 6) also affect root morphology. However, there is no clear association between these syndromes and the fusion of molar roots. Although fusion of roots is generally rare in
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Fused root, Inbred mice, Linkage analysis SMXA RI strains has been reported 15) . We have previously observed that some substrains of SMXA RI mice have a high incidence of fusion of roots (mesial and palatal roots) of the upper second molars. The purpose of the present study was to identify the chromosomal region that contains the candidate gene causing fusion of roots, using SMXA RI mouse strains.
Materials and Methods

Mice
A total of 219 mice were used. The mice belonged to the parental strains A/J and SM/J and 21 of the 26 substrains of the SMXA RI set (n‫31-7ס‬ for each strain). Five SMXA RI strains (SMXA-3, -6, -11, -21 and -23) were excluded from the present study because of an insufficient number of samples. Mice were obtained from the Institute for Experimental Animals, Hamamatsu University School of Medicine (Hamamatsu, Japan). The mice were maintained under conventional conditions (25‫°2ע‬C, ‫%5ע55‬ humidity, and 12-h light/dark cycle), and were fed a commercial diet (MR Breeder, Nihon Nohsan Co., Kanagawa, Japan) and tap water ad libitum.
Observation of fusion of roots of the upper second molar
The mice used were 90 days old at sacrifice, and each was anesthetized with ether immediately before sacrifice. The skulls were defleshed and macerated in 1% potassium hydroxide at 42°C for 48 hours. The bilateral upper second molars (M 2 ) were extracted from maxilla. A total of 438 M 2 (n‫62-11ס‬ for each strain) from 219 mice were used. In normal mice, the maxillary second molars have 3 roots: mesial, palatal and distal. Fusion of roots of M 2 was observed using a stereoscopic microscope at ‫23ן‬ magnification. The frequency of fusion of roots of M 2 was calculated for each SMXA RI and parental strain.
Linkage analysis
Linkage analysis was performed using Map Manager QTXb15 16) to detect the chromosomal region influencing fusion of roots of M 2 . For genome-wide linkage analysis, we used 789 markers distributed through the genome that have informative strain distribution patterns 15) , allowing the frequency of fusion of roots of M 2 in each SMXA RI strain to be analyzed as a quantitative trait 12) . The significance of each locus detected by interval mapping was represented as likelihood ratio statistic (LRS), and logarithm of odds (Lod) scores were then obtained by dividing the LRS by 4.605 14) . The significance threshold for the interval mapping was computed by permutation test 17) . The Lod scores calculated by 1,000 sets of permutation test were 2. 
Results
Frequency of fusion of roots of M 2
Fusion of the mesial and palatal roots of M 2 ( Fig. 1 ) was observed in the A/J strain and 17 of the 21 SMXA RI substrains. The mesial and palatal roots had a common pulp cavity, but had separate root apexes (Fig. 1-C) . The frequencies of fusion of roots of M 2 in the SMXA RI and parental strains are shown in Fig. 2 
Linkage analysis
We detected strong linkage on the distal part of chromosome 5 exceeding the suggestive threshold level. The maximum Lod score, 3.6, was observed between D5Mit97 and D5Mit31, which are located 74 and 78 cM from the centromere, respectively (Fig. 3) . No other regions exceeding suggestive or significant Lod threshold scores were detected on any chromosomes. Figure 4 shows the strain distribution pattern of the loci with the peak Lod scores. SM/J alleles with the peak Lod scores were associated with high frequency of fusion of roots, whereas A/J alleles were associated with low frequency of fusion of roots.
Discussion
Aberrant morphological features of the molar roots constitute one of the most common developmental tooth anomalies in humans. Findings by Ackerman et al. 1) suggest that occurrence of taurodont, pyramidal and fused molar roots is influenced by genetic factors. Shimizu et al. 18) performed genetic crosses using 2 strains of mice: C57L/J with fused roots of the lower second molars (M 2 ), and C57BL/6J with normal roots. They found that the fusion of roots of M 2 was controlled by genetic factor on chromosome 5 with an autosomal recessive pattern of inheritance 10) . Ohta et al. 19) found that an autosomal recessive factor affected fusion of the mesial and palatal roots of the upper first molar (M 1 ) in EL mice, in an experiment in which EL mice were mated with DDY mice with normal roots. However, the loci for fused root of M 1 in EL mice are still unmapped.
In present study, the continuous spectrum of distribution of the incidence of fusion of roots in M 2 of parental strains and 21 SMXA RI strains suggests the involvement of a polygenic system. In the histogram of the incidence of fusion of roots, the parental strains, SM/J and A/J, are clearly located at the lower end, indicating that some SM/J-and A/J-derived alleles have strong suppressive effects on the fusion of roots. However, the histogram shows that many substrains have a higher frequency of fusion of roots than the parental strains, suggesting that other SM/J-and A/J-derived alleles promote fusion of roots.
In linkage analysis, a Lod score exceeding the suggestive threshold level was found between D5Mit97 and D5Mit31 on chromosome 5. This suggests that one of the genes causing fusion of roots of M 2 in mice is located in that region. The genotypes of mice with a high frequency of fusion of roots included SM/J-derived alleles around the peak Lod scores on chromosome 5. This finding indicates that the SM/J alleles on chromosome 5 are associated with promotion of fusion of roots. However, the SM/J strain had the lowest frequency (0%) of fusion of roots among all substrains and parental strains. Therefore, it is possible that there remain undetected loci that are responsible for fusion of roots, and that their effects are suppressed by the SM/J alleles.
In a previous study, an allele controlling fusion of roots of M 2 in C57L/J mice was found at the distal region of chromosome 5 10) , which is very close (approximate distance, 2 cM) to the loci detected in the present study. Thus, although fusion of roots of M 2 was not observed in SMXA RI or parental strains in the present study, the available evidence suggests that previous loci controlling fused root of M 2 in C57L/J mice and the loci detected in this study may be common. We searched the Mouse Genome Database for candidate genes that map within the interval exceeding the suggestive level. There are about 50 genes including novel genes between D5Mit97 and D5Mit31. However, we found no potential candidate genes involved in tooth development within the candidate region, suggesting that novel genes are involved in the regulation of specific processes affecting fusion of roots.
Confirmation of the candidate loci and further definition of chromosomal location requires a fine mapping study using a F 2 (SM/J‫ן‬A/J) intercross. The results of the present study and subsequent fine mapping will help clarify the underlying mechanisms of dental root growth in man, because mouse and human genes are highly syntenic, contributing to the actualization of the tooth regeneration.
